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Abstract 

Purpose The framework of life cycle sustainability analysis 
(LCSA) has been developed within the CALC AS project 
but the procedure on how an LCSA should be carried out is 
still far from standardized. The purpose of this article is to 
propose an approach to put the LCSA framework into 
practice. This approach is illustrated with an on-going case 
study on concrete recycling. 

Methods In the context of an EC-FP7 project on technology 
innovation for concrete recycling, five operational steps to 
implement the LCSA framework are proposed: (1) broad 
system definition, (2) making scenarios, (3) defining sub- 
questions for individual tools, (4) application of the tools 
and (5) interpreting the results in an LCSA framework. 
Focus has been put on the goal and scope definition (steps 
1-3) to illustrate how to define a doable and meaningful 
LCSA. Steps 4-5 are not complete in the case study and are 
elaborated theoretically in this paper. 
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Results and discussion The experience from the case study 
shows that the operational steps are especially useful at the 
stage of defining the goal and scope. Breaking down the 
sustainability questions into different scales and different 
aspects gives the possibility to define the sub-questions 
suitable to be assessed by the individual analytical tools 
(e.g., LCA, LCC, SLCA, MFA, etc.). The C2CA-LCSA 
shows a practical approach to model the life cycle impacts 
of the broad system is to start by modelling the technolog¬ 
ical system at the micro level and then scale it up with the 
realistic scenario settings that are generated with the knowl¬ 
edge gained from the MFA studies at the meso-level and 
from the policy/economic studies at the macro level. The 
combined application of LCA, LCC and SLCA at the proj¬ 
ect level shows not all the cost items and only one social 
impact indicator can be modelled in the process-based LCA 
structure. Thus it is important to address the left out infor¬ 
mation at the interpretation step. 

Conclusions Defining sub-questions on three different lev¬ 
els seems most useful to frame an LCSA study at the early 
stage of goal and scope definition. Although this study 
provides some useful steps for the operationlisation of the 
LCSA concept, it is clear that additional case studies are 
needed to move LCSA into a practical framework for the 
analysis of complex sustainability problems. 

Keywords Construction and demolition waste • End-of-life 
concrete recycling • Life cycle sustainability analysis • Life 
cycle sustainability assessment 
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CA 

C&D waste 
EIOA 
EOL 
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Advanced dry recovery 
Clean aggregate 

Construction and demolition waste 
Environmental input-output analysis 
End-of-life 
Input-output analysis 
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LAP2 

Dutch second waste management plan 

LCA 

Life cycle assessment /analysis 

LCC 

Life cycle costing 

LCSA 

Life cycle sustainability assessment /analysis 

MFA 

Material flow account 

RBM 

Road base material 

SLCA 

Social life cycle assessment 


1 Introduction 

1.1 Concept ofLCSA 

The ever-increasing awareness of the importance of life cycle 
thinking as a way to face sustainability challenges coined the 
term LCSA , where LC means Life Cycle , S means Sustainability 
and A represents either Assessment or Analysis. 

LCS Assessment was proposed to support the product- 
related decision-making based on a life cycle perspective 
and the consideration of the three sustainability dimensions 
(environmental, economic and social). Klopffer (2008) sug¬ 
gested the formula LCSA=LCA+LCC+SLCA as a way to 
cover the three dimensions of sustainability in the LCS 
Assessment for products. To give a guide on how to carry 
out a LCS Assessment through the combined application of 
the existing environmental Life Cycle Assessment (LCA), 
Life Cycle Costing (LCC) and Social Life Cycle Assessment 
(SLCA), the UNEP/SETAC Life Cycle Initiative published a 
LCS Assessment framework (Valdivia et al. 2011). This 
framework builds upon the ISO 14040 life cycle assessment 
framework for environmental LCA, comprising four phases: 
phase 1 LCSA goal and scope, phase 2 LCSA inventory, 
phase 3 impact assessment and phase 4 LCSA interpre¬ 
tation. Two case studies: Traverso and Linkbeiner (2009) on 
marble slabs and Lu (2009) on e-waste management 
were given to illustrate the practical steps of LCS 
Assessment. 

LCS Analysis broadens the scope of LCS Assessment 
from predominantly product-related questions to questions 
related to sector or even economy-wide levels. Within the 
EU project CALC AS, 1 a scientific framework for LCS 
Analysis was suggested (Heijungs et al. 2010). This frame¬ 
work was further elaborated in Guinee et al. (2011) and is 
represented in Lig. la. It comprises three phases: goal and 
scope definition, modelling and interpretation. The invento¬ 
ry and impact assessment phases in LCA are merged into 
one modelling phase. Various life cycle and disciplinary 
models are involved in the modelling phase to allow the 
analysis cover different sustainability aspects (environmen¬ 
tal, economic and social) at different “objects of analysis” 
levels (product, meso, or economy). To make the framework 

1 CALCAS (http://www.calcasproject.net/). 


operational, a road map and a preliminary number of steps, 
including “framing the question for sustainability decision 
support”, “System boundaries”, “Interlinking models, varia¬ 
bles or results”, etc. were proposed in CALCAS. furthermore, 
three example applications (Zamagni et al. 2009) were given 
to illustrate the phase of goal and scope definition (G&SD). 
The examples show that a comprehensive LCS analysis can be 
too complex to carry out. As Guinee et al. (2011) stated “for 
making the LCS Analysis framework operational, substantial 
research is needed” and “the general scientific challenge is to 
derive consistent criteria for implementing methods in relation 
to specific life-cycle based questions”. Case studies are en¬ 
couraged to gain the experience of putting the LCS analysis 
in practice. 

1.2 The case of concrete recycling 

This paper presents an on-going LCSA study for the case of 
concrete recycling. 

Construction and Demolition (C&D) waste is one of the 
largest solid waste streams. The main fraction of it is the 
end-of-life (EOL) concrete generated from demolition. 
Recycling the EOL concrete into useful materials is an 
important solution for minimizing the volume of C&D 
waste. Technology innovations of concrete recycling are 
strived to improve the product quality and reduce the pro¬ 
cessing cost at the same time. To achieve this goal, the 
recent EU-FP7 project—C2CA proposes a system solution. 
It relies on: (1) improving the dismantling and demolishing 
of EOL buildings to generate cleaner EOL concrete for 
recycling; (2) advancing the state-of-the-art recycling tech¬ 
nology—ADR (advanced dry recovery) to liberate the EOL 
concrete into clean aggregates (CA) for concrete mix and 
calcium-rich fines that can substitute limestone for clinker 
production in cement kilns; and (3) developing on-line 
sensors to guarantee the quality of the recycled products. 
To ensure the proposed solution will lead to a more sustain¬ 
able C&D waste management, considering the direct and 
indirect impacts, within the scope of C2CA project, the life 
cycle environmental, economic and social analyses are 
planned. The results of the analyses will be used to support 
eco-design recommendations and policy recommendations 
at European, national and local levels. 

Following the CALCAS framework, we propose five 
operational steps to implement the C2CA-LCSA (see 
Fig. lb, namely: 1. Broad system definition, 2. Making 
scenarios, 3. Defining sub-questions for individual tools, 4. 

r\ .i 

C2CA is funded by European Commission within the 7 framework 
programme under the theme of “Innovative technologies and eco- 
design recommendations for reuse and recycling of Construction and 
Demolition (C&D) waste, with a special focus on technologies for 
onsite solutions” (grant agreement no: 265189). The project spans 
4 years, from January 2011 to December 2014. 
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Operational steps for LCSA in C2CA 


Fig. 1 Framework, methods and steps of life cycle sustainability analysis for C2CA 


Application of the tools and 5. Interpreting the results in an 
LCSA framework). The remaining part of the paper gives a 
step-by-step explanation on how the procedural steps are 
implemented in the on-going C2CA-LCSA case study. 
Focus has been put on the G&SD phase (Step 1-3) to 
illustrate how to define a doable and meaningful LCSA. 
Step 4-5 are not complete in the case study and are elabo¬ 
rated theoretically in this paper. 

2 Operational steps of LCSA 

2.1 Broad system definition 

This step is to describe the system under study in an as- 
broad-as-possible way, in order to identify the problem and 
decisions at stake, the main interrelations (synergies, con¬ 
flicts, trade-offs, etc.) between the objects, processes, stake¬ 
holders and between the environmental, economic, social 
domains. Corresponding to the Product-oriented , meso and 
Economy-wide levels in CALCAS framework, the broad 
system analysis of C2CA-LCSA is carried out at Project 
level , Sector level and NL/EU level (see Fig. 1). 

2.1.1 NL/EU level 

The NL/EU level is considered because the C2CA project is 
initiated to tackle the C&D waste management problem in 
the Netherlands and Europe. An important goal of the life- 
cycle sustainability analysis is to formulate policy recom¬ 
mendations, therefore the emphasis of the C2CA-LCSA 
study at this level is on its policy implications (outer ring 
in Fig. 2). 


In Europe C&D waste is one of the largest solid waste 
streams. On a medium-term basis, an increase of this stream 
is anticipated. The common European strategy towards this 
stream is recycling. The Waste Framework Directive has set 
the recycling target for the non-hazardous C&D waste to be 
70 % by 2020 (2008/98/EC). 

In the Netherlands The recycling rate for C&D waste has 
reached 95 % since 2001, due to the landfill ban which came 
into force in 1997. EOL concrete represents 40 % of C&D 
waste. This stream is 100 % recycled with more than 97 % of it 
used in road construction as road base material (RBM). 
However, the generation of EOL concrete is expected to in¬ 
crease from 10.5 million ton (Mt) in 2003 to 22 Mt in 2025 
(VROM 2008), while road construction will be stable. 
Consequently, a solution will need to be found for over 10 
million ton/a of EOL concrete that cannot be absorbed in roads. 
A potential outlet for this surplus stream is to process it into CA 
and use it for new concrete production. But the current method 
(wet process) to produce CA is costly. Currently, less than 3 % 
of EOL concrete is processed into CA. 

The Dutch government used to encourage the application 
of recycled C&D waste as aggregates in new concrete. A 
programme launched in the early 2000s targeted a 25 % 
replacement of primary aggregates in structural concrete 
(Institution of Civil Engineers 2003, pp. 2-19). However, 
due to the lack of evidence that the switch from down¬ 
cycling C&D debris in roads to recycling can reduce the 

In Europe, an increase of the demolition waste is expected because 
most European land is already a densely populated area. The limited 
supply of the development land results in more and more demolition of 
buildings. For instance, in Germany, new buildings are established on 
two thirds of all demolished real estate (Trankler 1994). 
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Fig. 2 The broad system of life cycle sustainability analysis for C2CA 


life cycle environmental impact, there were no mandatory 
requirements placed on industry. As a result, with limited 
interest in the programme the government has dropped the 
scheme. The recent letter “More value from waste” from the 
Ministry of Infrastructure and Environment (Atsma 2011) 
shows such mandatory requirements for concrete recycling 
that are unlikely to be launched in the near future. The 
Dutch Second Waste Management Plan (LAP2) for the 
period 2009-2021 sets the target for the stream of C&D 
waste as: keeping the current recycling rate 4 of C&D waste 
and reducing the environmental impact within the life cycle 
of C&D waste management. Under the new chain approach 
in LAP2, the C&D waste is selected as one of the seven 
priority flows, the environmental impact of which needs to 
be reduced by 20 % by 2015. 

2.1.2 Project level 

The Project level is considered because C2CA is a technology 
innovation project; the project’s scientific/technological 
achievement is the basis for all the sustainability analysis. The 
core of C2CA is to advance concrete recycling technology. 
Since the lifecycle sustainability analysis is also used to support 
eco-design recommendations, the emphasis of C2CA-LCSA at 
this level is to identify the hot-spots in the technology system to 
improve its sustainability. Conceptually, the technology system 
for concrete recycling is made up of three components: EOL 
concrete generation, EOL concrete processing and EOL 


4 It refers to the recycling rate of C&D waste in the Netherland at 2006,95 %. 


concrete use (central box in Fig. 2). The current and C2CA 
proposed routes for concrete recycling are: 

Current technology to produce road base material EOL 
concrete is generated from demolition sites. In the 
Netherlands, to demolish a high-rise building, the normal 
procedure is first dismantling then demolishing with high- 
reach method. After that the EOL concrete is generated. The 
EOL concrete is sent to on-site or off-site crushers to pro¬ 
duce RBM. The recycled RBM is used in road base con¬ 
struction. For this application, mixture (up to 50 % by 
weight) with bricks and other stony materials in the EOL 
concrete is allowed. 

Current technology to produce clean aggregate To generate 
clean EOL concrete for the production of CA, more careful 
dismantling and demolishing is needed to keep the concrete 
stream away from other materials such as bricks. Then the 
broken concrete is sent to the wet recycling process. In the 
process the coarse fraction of the broken concrete is washed 
to produce CA. The recycled CA is used for new concrete 
production and the residue generated from the washing 
process is sent to landfill in the form of sludge. 

C2CA technology the C2CA project proposes to use smart 
dismantling and top-down demolition method to generate 
clean EOL concrete. The broken EOL concrete is then sent 
to Advanced Dry Recovery (ADR) process to produce CA 
and the calcium-rich fines. The recycled CA is used for new 
concrete production and the recycled fines are used for cement 
production. On-line sensors are used to guarantee the product 
quality. Recently, a mobile version of the ADR has been 
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developed, it allows the local reuse of the EOL concrete and 
therefore a significant reduction in road transport and related 
impacts. 

2.1.3 Sector level 

In between the NL/EU level and the project level , the sector 
level is considered. This is because the interrelations of 
sectors may constrain the implementation of the innovative 
technology. For C2CA, the concrete recycling sector is the 
user of the innovative EOL concrete processing technology. 
It receives EOL concrete from the demolition sector; it 
supplies RBM to road construction sector, CA to concrete 
sector and in future the calcium-rich fines to cement sector; 
it disposes residuals to the landfill sector. The concrete 
recycling sector needs to compete with the road construction 
sector to receive EOL concrete from the demolition sector 
and need compete with the gravel sector to sell recycled CA 
to the concrete sector. The C2CA-LCSA at this level focuses 
on the interrelations between the sectors and the implica¬ 
tions of those interrelations for technology development and 
policy making (middle ring in Fig. 2). Based on the inter¬ 
views with the experts from the construction, demolition 
and concrete recycling companies, the most important inter¬ 
relations that have been identified are: 

Concrete recycling sector and concrete sector: Currently, 
the amount of gravel in concrete that can be replaced by 
the recycled aggregates is far higher than the 
amount of the CA that can be produced from the EOL 
concrete. 

Concrete recycling sector, gravel sector and concrete 
sector. The next couple of years, an ample supply of 
natural gravel and sand will be generated by the deep¬ 
ening of rivers in the South of the Netherlands. A 
significant increase of the use of recycled aggregates 
as a replacement for natural gravel in the concrete 
sector is therefore not expected in the near future. 
Concrete recycling sector, road sector, demolition sec¬ 
tor and Landfdl sector. Until now the road construction 
sector pays a good price for the RBM generated from 
the demolition sector. The method that the concrete 
recycling sector currently uses to produce CA from 
EOL concrete is very costly. Only 2 % EOL concrete 
is recycled as CA in the Netherlands. However, a de¬ 
cade from now, due to the ageing of the Dutch building 
stock, a steep increase of demolition waste and espe¬ 
cially EOL concrete is expected. But the road construc¬ 
tion in the Netherlands will remain stable. Without 
technological innovation in the concrete recycling sec¬ 
tor, demolition companies will bear a high disposal cost 
for the EOL concrete. When recycling turns to be too 
expensive, some EOL concrete might be mixed with 


other demolition waste and end up in landfills, though 
by law recyclable C&D waste is not allowed to be 
landfilled in the Netherlands. 

Concrete recycling sector, cement sector, demolition 
sector and road sector. In the C2CA project, a concrete 
recycling technology is developed which allows the pro¬ 
duction of calcium-rich fines from EOL concrete. If the 
quality of the fines is good enough, considering the huge 
cement production capacity, all the recycled fines can be 
absorbed in the cement sector. Since the recycled fines 
can substitute limestone for clinker production, the C0 2 
emission from the cement kilns will be reduced. 
Therefore, the cement sector might pay concrete recyclers 
for the fines from EOL concrete. In that case, the gate fee 
that is charged to the demolition companies who need 
dispose the EOL concrete can be lower. When the market 
price for C0 2 credits increases, higher price for recycled 
fines from EOL concrete might be expected and the 
concrete recyclers might pay a good price to buy the 
clean EOL concrete from the demolition companies. 
Ultimately, this could lead to supply problems for RBM 
for the road construction sector. 

To this end, the mechanisms 5 that can be considered in 
the C2CA-LCSA are listed in Table 1. 

As the target audience of the study—policy makers have 
the most comprehensive perspective, considering not only a 
local improvement but also the avoidance of problem shift¬ 
ing to the meso- and macro level, based on the analysis 
above, the broad system for C2CA-LCSA study is defined 
as a nested system shown in Fig. 2. The core is the project 
level , focusing on technology. Surrounding it is the sector 
level , setting physical constraints. Embracing them is the 
NL/EU level , giving policy conditions. This nested view is 
used as a frame to integrate the studies at different levels 
into one piece of LCSA work. 

2.2 Making scenarios 

Making scenarios is the second step in goal and scope 
definition. It forms the basis for the modelling in the sus¬ 
tainability assessment. 

As described in the broad system analysis, the problem of 
the EOL concrete management in the Netherlands is: In the 
coming years , a significant amount of surplus EOL concrete 
that cannot be absorbed in road construction is expected. The 
current option for this flow is to produce CA for new concrete 
production , but the process is costly. The C2CA project pro¬ 
poses an innovative route to process the surplus EOL concrete 


5 Wit hin the context of LCA, a mechanism is in the first place a causal 
relationship that connects the level of two activities (Heijungs et al. 2009). 
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Table 1 Mechanisms identified for life cycle sustainability analysis in C2CA 


Type 

Mechanisms 

Level 

Technological 

Increase of building demolition leads to increase of EOL concrete generation 

Road construction cannot absorb increased EOL concrete which leads to an increase in processing 
of EOL concrete into CA 

Using recycled CA in concrete production leads to using less natural gravel 

Processing EOL concrete by the wet recycling process induces sludge landfill 

Processing EOL concrete by the ADR process generates calcium-rich fines that can be used 
in cement production 

Using calcium-rich ADR fines to replace limestone in cement production induces CO 2 emission reduction 

Project 

Economic 

Increase of EOL concrete generation implies a decrease of the price the road construction sector 
will pay for EOL concrete 

Increase of EOL concrete that cannot be absorbed by road construction implies an increase of the gate 
fee that recycling plants will charge for EOL concrete 

When recycling turns to be too expensive, some EOL concrete might be mixed with other demolition 
waste and end up in landfills 

C0 2 emission decrease in cement production implies saving of C02 credits 

Sector 

Legislative 

Landfilling EOL concrete is not allowed in the Netherlands 

In NL, the environmental impact of C&D waste needs to be reduced by 20 % by 2015 

In the EU, 70 % of non-hazardous C&D waste should be recycled by 2020 

NL/EU 


into CA and calcium-rich fines for new concrete and cement 
production. As illustrated in Fig. 3, if the generation of EOL 
concrete increases steadily from 2003 to 2025 but the demand 
for EOL concrete from road construction will reach the maxi¬ 
mum and become stable from 2015 onwards, the decision at 
hand is whether to develop C2CA technology to treat the 
surplus EOL concrete expected in the coming decade. 

At the project level, there are two extreme scenarios for 
the technology: the BAU ( business-as-usual) scenario and 
the C2CA scenario. The BAU scenario represents the situ¬ 
ation without technological innovation. According to the 
Dutch landfill ban, dumping recyclable materials such as 
EOL concrete is not allowed. The only alternative is to 
recycle a large amount of EOL concrete through the wet 
recycling process to produce CA. Under the BAU scenario, 



Fig. 3 EOL concrete generation and recycling options in the Netherlands 


the technology system to recycle the concrete from the EOL 
building to be demolished in the C2CA project is illustrated 
in Fig. 4a. The building is demolished with common Dutch 
dismantling and demolition method to generate EOL con¬ 
crete. Part of the EOL concrete is mixed with bricks and sent 
to a breaker to make RBM. The remaining clean EOL 
concrete is sent to a stationary wet treatment plant. After 
crushing and washing, the coarse product CA is sold to 
concrete manufacturers, the fine product (sieving sand) is 
used as filling material in road base, and the residue (sludge) 
is landfilled. 

The C2CA scenario represents the situation that the tech¬ 
nological innovations proposed by the C2CA project are 
fully implemented. Under C2CA scenario, the technology 
system to recycle the concrete from the EOL building to be 
demolished within the C2CA project is illustrated in Fig. 4b. 
The building is broken down with smart dismantling and 
demolition method to produce cleaner EOL concrete. A 
mobile ADR processing system is installed at the demolition 
site to process the EOL concrete into CA and calcium-rich 
fines. On-line sensor technology is used to guarantee the 
quality of the products. The high quality CA is used as 
substitute of virgin gravel in concrete production and the 
calcium-rich fines are sent to cement producer and used as 
substitute of limestone in clinker production. 

The technological systems presented in Fig. 4 are multi¬ 
functional and not directly comparable in classical LCA. 
Although the main function of both systems is the same 
“providing a waste management service for the EOL 
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BAU (Business-as-usual) scenario: processing EOL concrete into clean aggregate by washing (applied approach in the Netherlands). 
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C2CA scenario: processing EOL concrete into clean aggregate and calcium rich fines via ADR (C2CA innovation). 
Fig. 4 Technology systems for EOL concrete recycling scenarios 


building”. The BAU system also produces CA, RBM and 
other recyclables, while C2CA system also produces CA, 
calcium-rich fines and other recyclables. As the product type 
and quantity of the two systems are different, the two scenar¬ 
ios are not directly comparable. In this study, economic allo¬ 
cation Guinee et al. (2004) is used to transform both systems 
into mono-functional ones which provide only waste manage¬ 
ment service. The environmental performance of the system is 
determined by allocating parts of the impacts to the useful 
(positive monetary value) materials produced by the system. 

As in this case study, the main goal of the LCSA is to 
generate policy recommendations, comparing the sustainability 


of the technological systems for one building’s concrete recy¬ 
cling at the project level is not sufficient. The perspective of a 
nested broad system (see Fig. 2) has to be adopted to investigate 
the potential of the C2CA innovation to resolve the EOL 
concrete management problem and to suggest the points where 
policy regulating is needed to ensure the realization of the 
potential. Scenario analysis at the sector and NL/EU levels is 
of utmost important to link the sector knowledge (e.g. business 
models of the industrial players in the scene of concrete recy¬ 
cling) and policy conditions (e.g. carbon pricing, required recy¬ 
cling rate, minimum percentage of recycled material use, etc.) 
with the technological system. 
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At the start of the C2CA project, two scenarios have been 
constructed for the technological systems at the project level 
in today’s world. In a second stage, the scenarios about the 
future economics (e.g. change of scrap prices), policy con¬ 
ditions and sector interrelations (e.g. stock dynamics of 
buildings and roads) will be constructed based on the policy 
review, interviews, brain storming within the project work¬ 
shops and static/dynamic material flow analysis for the 
relevant sectors. In addition, the paths about how the system 
will evolve from the current state to the probable future 
states will be included in the assumptions used to define 
the scenarios. Frameworks for scenario development pro¬ 
posed in Pesonen et al. (2000), Fukushima and Hirao (2002) 
and Borjeson et al. (2006) are used as a methodological 
guide for the scenario construction procedure. 

2.3 Defining sub-questions for individual tools 

Linking sustainability questions with suitable models and meth¬ 
ods is the main challenge in putting LCSA in practice. The 
CALCAS examples Zamagni et al. (2009) suggest five steps to 
realize this: “Question framing”, “Objects of the study”, 
“Sustainability aspects”, “Mechanisms” and “Methods and mod¬ 
els”. In our approach “Question framing” and “Methods and 
models” are merged into “Defining sub-questions for individual 
tools” as the third step for goal and scope definition. In this step 
sub-questions that can be answered by individual (existing) 
analytical tools are formulated. 

As C2CA is a technology innovation project, the main 
question for C2CA-LCSA is “ Can the technological inno¬ 
vation (smart dismantling and demolition + AD R+ quality 
control sensor ) proposed by the C2CA project improve the 
sustainability ofEOL concrete management from a life cycle 
perspective?" As illustrated in the Fig. lb, the analytical 
tools LCA, LCC and SLCA are used to investigate the 
question by modelling the technology systems constructed 
at the project level. The indicators considered for the life 
cycle analysis tools and the procedure to select the indica¬ 
tors are presented in the following section. At sector level, 
the main question is “To what level can the C2CA innova¬ 
tion be scaled up? ” To answer the question, the analytical 
tools static MFA and dynamic MFA are needed in this case 
study. The former is useful to investigate the constraints for 
C2CA application due to the material linkages, and the latter 
is useful to estimate the trends of future demand for the 
C2CA innovation. At the economy-wide level, input-output 
analysis (IOA) could be used as a tool for the analysis. 
However, the current resolution of the input output tables 
is not sufficient to answer a question like “How will the 
economy be affected if 5% of limestone in clinker produc¬ 
tion can be substituted by calcium-rich fines recycled from 
EOT concrete ”. We decided not to use this IOA, but to use 
the more soft approaches such as interviews and 


brainstorming to catch the economic and policy relevant 
issues at the NL/EU levels. Finally, to integrate the knowl¬ 
edge of all the levels, scenario analysis is used to introduce 
the sector dynamics and the NL/EU economic/policy con¬ 
ditions into the life cycle modelling of the technology 
systems. 

Table 2 presents the sub-questions formulated for the 
individual tools at each of the three “objects of analysis” 
levels (project, sector and NL/EU levels). 

2.4 Application of the tools 

In this step, modelling tools are used to produce results as a 
base for the answering of the sub-questions. Sub-questions 
defined in the previous step are analysed through the use of 
individual analytical tools. 

The tools used to calculate the life cycle impacts of the 
technology system are the SETAC/ISO environmental LCA 
(ISO 2006a, b), the LCA-type environmental LCC (Swarr et 
al. 2011), and the UNEP/SETAC SLCA (Benoit and Mazijn 
2009). First, the models are built at the project level. 
Figure 4 represents the physical relations within the BAU 
scenario and the C2CA scenario. The figure illustrates the 
scope of LCSA, which is the broadening of scope from 
environmental aspects addressed in LCA to the economic 
aspects addressed in LCC and the social aspects addressed 
in SLCA. The functional unit for comparison is the disposal 
of x ton of materials from the EOL building. 

The LCA is performed as process-based assessment. In the 
LCA, a set of midpoint and endpoint impact categories that are 
recommended by the International Reference Life Cycle Data 
System (ILCD) are used. The midpoint assessment is per¬ 
formed with the methodologies of EDIP and/or CML and 
for the calculation of end-point results ReCiPe is applied. 

The environmental LCC defined by the “code of prac¬ 
tice” Swarr et al. (2011) is used to assess the economic 
dimension of the sustainability. The indicator used in the 
LCC is the value added of the processes in the foreground 
system as illustrated in Fig. 4. For each process there are two 
economic indicators: cost and revenue. The choice to use the 
value added as the only indicator is to avoid double counting 
for the technology system made by a chain of processes. 
Since the revenue of the supply process is the cost of the 
receiving process, only the net economic effect, that is, the 
value added of the system is used as the indicator for the 
economic performance of the system. 

The SLCA aims to assess the performance of the com¬ 
panies in the chain under different scenarios on the basis of 
twelve indicator sub-categories, selected by stakeholders in 
a bottom-up process. As a starting point for indicator selec¬ 
tion, the Guidelines for Social Life Cycle Assessment of 
Products were used. For the purposes of the C2CA SLCA, 
the indicators were selected for type 1 impact categories, 
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Table 2 


Sub-questions and individual tools for life cycle sustainability analysis in C2CA 


Main question: Can the technological innovation (smart dismantling and demolition+ADR+quality control sensor) proposed by the C2CA project 
improve the sustainability of EOL concrete management from a life cycle perspective? 


Sub-questions 

Project level: 

To recycle the concrete from the EOL building that was demolished within the 

C2CA project, the questions are: 

[environmental] 

• Can the C2CA innovation lead to a reduction of the environmental impact from 
a life cycle perspective? In which part of the chain can this potential reduction 
be achieved? 

[economic] 

• Can the C2CA innovation lead to a decrease of the economic cost and/or an 
increase of the value added in the chain? In which part of the chain can most of 
this additional value creation be achieved? 

[social] 

• What is the social performance of within the chain and in what way can the 
C2CA innovation improve/affect it? 

Sector level: 


Individual tools 


LCA 


LCC 


SLCA 


To what level can the C2CA innovation be scaled up? Can it be applied on the 
level needed for the EOL concrete recycling in the Netherlands in the next 
decade? How the flows of concrete and concrete recycling products between the 
involved sectors will change over time if the C2CA technology will not be 
applied? 

• What is the trend in the EOL concrete generation from the obsolete buildings in 
the Netherlands? 

Dynamic MFA 

• What is the trend in the EOL concrete use in the road construction in the 
Netherlands? 

Dynamic MFA 

• What amount of calcium-rich fine products of ADR can be absorbed in the 
cement industry? MFA 

• What amount of the gravel and sand is used in concrete manufacturing? What MFA 
amount of natural gravel and sand can/will be produced in the near future? To 

what extend can recycled aggregates substitute natural gravel and sand in 
concrete manufacturing? 

• What is the capacity of the wet processing route in concrete recycling? How much MFA 
sludge is produced in wet processing? How much sludge can be landfilled? 

NL/EU level: 


• What policies influence concrete recycling? 

• What are the potential policy strategies and economic instruments for the future 
EOL concrete management? 

Integration of all levels: 

• How will the technological systems for concrete recycling in the Netherlands 
develop in the next decade, with and without C2CA innovation? 

• How can the technological systems be influenced by the potential policy and 
economic instruments? 


• What is the sustainability performance of the future technological systems for 
concrete recycling in the Netherlands, with and without C2CA innovation? 


Policy review 

Interview, workshop brain storming 


Scenario analysis (using results from MFA, dynamic MFA) 


Scenario analysis (using knowledge from policy review, 
interview and workshop brain storming) 


LCA+LCC+SLCA (at large scale, based on project level 
models, using results from scenario analysis) 


following a three-step procedure: (1) sub-category screen¬ 
ing; (2) sub-category selection; (3) selection of indicators 
for each selected sub-category. At the third stage, indicators 
for each sub-category were selected from the suggested 


indicators in the guidelines, as each indicator sub-category 
is further defined by at least two indicators. The indicators 
for the type 1 impact categories are based on corporate 
social responsibility and global reporting initiative, which 
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assess company performance towards social issues of con¬ 
cern. Therefore, they can be viewed as indicators reflecting 
the performance of the chain of companies involved in 
building demolition, EOL concrete recycling, cement and 
concrete production. In addition to the foreground system 
illustrated in Fig. 4, the background system will be assessed 
on the basis of generic data. However, as shown in Fig. 4, in 
the C2CA-FCSA, only the indicator “number of person 
hours employed” is used in the modelling because so far it 
is the only quantitative indicator in our set of selected 
indicators that can be currently linked with unit processes. 

At the moment of compiling of this paper, only the first 
stage of FCSA at the project level was completed. Eater, the 
tactical scenarios will be constructed to scale up the tech¬ 
nology systems to the national level in the Netherlands. The 
analytical tools MFA and dynamic MFA will be used to 
generate the information for the scenario construction. 
However, the life cycle modelling tools will be the same: a 
combined FCA, FCC and SFCA. 

Ideally, the FCA, FCC and SFCA should be seen as three 
ways of looking at the same system Heijungs et al. (2010). 
However, the experience at the project level shows that the 
implementation of FCSA using the modelling structure of a 
process-based FCA is problematic. Not all the costs (e.g. 
overhead, profit and loss) can be explicitly linked with the 
unit process and most of the qualitative SFCA indicators 
can neither be linked with the unit process nor with the 
functional unit. The inability to link the SFCA assessment 
to the functional unit is discussed in the SFCA literature. It 
is generally accepted that in SFCA it is the performance of 
the companies, implementing the processes of FCA, which 
is accessed, though it cannot be directly calculated for the 
functional unit of the FCA study. Thus, it is important to 
address the information that is left out from the modelling in 
a broad system perspective in the next step of FCSA: 
interpretation. 

2.5 Interpreting the results in an FCSA framework 

Based on the data collected within the case study, the ques¬ 
tion whether the C2CA innovation can lead to a reduction of 
the environmental impact for the EOF concrete management 
from a life cycle perspective can be answered by comparing 
the life cycle environmental impacts of the C2CA scenario 
and the BAUscenario. Results at the project level imply that 
the main environmental impacts in the chain come from the 
background processes related to energy inputs. The C2CA 
scenario shows better environmental performance mainly 
because of reduced energy consumption in processing 
EOF concrete and transportation. Next to that, the avoid¬ 
ance of sludge treatment and the replacement of limestone in 
cement production produced additional environmental ben¬ 
efits for the C2CA technology. 


The question whether the C2CA innovation leads to an 
increase of the value added in the chain can be answered by 
the parallel FCC study on the foreground system. Results at 
the project level show that the value added in the EOF 
concrete management chain in the BAU scenario is nega¬ 
tive, due to the expensive sludge disposal and the current 
low price of natural gravel (a price reference to the recycled 
CA). Under current market conditions, a mobile ADR plant 
may achieve a positive value added due to the reduction in 
transportation and energy consumption. Further value crea¬ 
tion in the C2CA scenario can be achieved if cement pro¬ 
ducers are willing to pay for the calcium-rich ADR fines. 

The results at project level for the SFCA of the fore¬ 
ground system, calculated on the basis of the indicators for 
the abovementioned sub-categories, show some differences 
in both scenarios. The differences come from the individual 
performance of the companies, implementing the processes 
in the system and the level of their participation in the 
product chain under different scenarios. 

Results on the project level show that the C2CA scenario 
might deliver some environmental and economic benefits 
for EOF concrete recycling. However, if the application of 
C2CA innovation will be scaled up to the national level in 
the Netherlands, scenario analysis should be performed 
based on the MFA study for the interrelated sectors and 
the probable policy and economic situations in the 
Netherlands and the Europe. A broad system perspective is 
necessary to integrate the problems at the macro level 
(NF/EU level), the constraints from the meso-level (sector 
level) into the life cycle models originally built at the micro 
(project level). Thus it allows use the FCSA to support both 
the eco-design recommendations at the project level and the 
policy recommendations at the NF/EU level. 

3 Conclusions and outlook 

With an on-going case study on concrete recycling, this 
article provides a step-by-step description on how a Fife 
Cycle Sustainability Analysis can be implemented in prac¬ 
tice. Five optional steps are proposed in the framework of 
FCSA. Current obtained experience from the case study 
shows that the distinction of “levels of objects” for analysis 
is useful to structure the FCSA study at the Goal and Scope 
definition stage. The C2CA-FCSA shows a practical ap¬ 
proach to model the life cycle impacts of the broad system 
is to start by modelling the technological system at the micro 
level and then scale it up with the realistic scenario settings 
that are generated with the knowledge gained from the MFA 
studies at the meso-level and from the policy/economic stud¬ 
ies at the macro level. The combined application of FCA, 
FCC and SFCA shows not all the cost items (such as over¬ 
head, profit and loss) and only one social impact indicator can 
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be modelled in the process-based LCA structure. Thus it is 
important to address the left out information at the interpreta¬ 
tion step. The C2CA-LCSA provides a useful case study to 
gain additional experience on using a broad system perspec¬ 
tive to facilitate this procedure. The categorizing of sub¬ 
questions on three different levels seems useful. Although this 
study provides some useful steps for the operationlisation of 
the LCSA concept it is clear that additional cases studies are 
needed to move LCSA into a practical framework for the 
analysis of complex sustainability problems. 
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